Primary effusion lymphoma (PEL) constitutes a subset of non-Hodgkin lymphoma whose incidence is highly increased in the context of HIV infection. Kaposi sarcomaassociated herpesvirus is the causative agent of PEL. The phosphatidylinositol 3-kinase (PI3K) signaling pathway plays a critical role in cell proliferation and survival, and this pathway is dysregulated in many different cancers, including PEL, which display activated PI3K, Akt, and mammalian target of rapamycin (mTOR) kinases. PELs rely heavily on PI3K/Akt/mTOR signaling, are dependent on autocrine and paracrine growth factors, and also have a poor prognosis with reported median survival times of less than 6 months. We compared different compounds that inhibit the PI3K/Akt/mTOR pathway in PEL. Although compounds that modulated activity of only a single pathway member inhibited PEL proliferation, the use of a novel compound, NVP-BEZ235, that dually inhibits both PI3K and mTOR kinases was significantly more efficacious in culture and in a PEL xenograft tumor model. NVP-BEZ235 was effective at low nanomolar concentrations and has oral bioavailability. We also report a novel mechanism for NVP-BEZ235 involving the suppression of multiple autocrine and paracrine growth factors required for lymphoma survival. 
Introduction
The phosphatidylinositol 3-kinase (PI3K) signaling pathway plays a critical role in cell proliferation and cell survival. PI3K activation stimulates the production of phosphatidylinositol 3,4,5-triphosphate, which results in activation of the kinases PDK1 and Akt. The lipid phosphatase and tensin homolog deleted on chromosome 10 (PTEN) protein is a negative regulator of this pathway. Akt kinase promotes cell survival by phosphorylating, and thereby inactivating, proapoptotic factors, such as the FOXO transcription factor family, GSK-3␤, caspase-9, and Bad. [1] [2] [3] [4] Phosphorylation of Bad and the FOXO transactivators prevent apoptosis. Akt also phosphorylates p27, a negative regulator of the cell cycle, thereby preventing cell cycle arrest. In addition, Akt activation leads to phosphorylation and activation of the mammalian target of rapamycin (mTOR), a kinase that stimulates protein synthesis and cell proliferation.
Activated mTOR protein can associate with raptor and mLST8/G␤L to form the mTORC1 complex. The mTORC1 complex induces phosphorylation of p70 S6 kinase (S6K), leading to phosphorylation and activation of the ribosomal protein S6. mTORC1 also inhibits 4E-BP1, a repressor of eukaryotic initiation factor eIF4E. This arm of the mTOR pathway is rapamycin-sensitive. In contrast, the mTORC2 complex, which consists of mTOR, mLST8/G␤L, mSin1, and Rictor, is insensitive to the effects of rapamycin. mTORC2 functions in a feedback loop that phosphorylates and activates Akt by phosphorylation at Ser473. 5 Hence, inhibitors of PI3K/Akt probably have broader effects than mTOR inhibitors.
The nutrient sensor, AMP activated kinase (AMPK), is a negative regulator of mTORC1. 6 AMPK controls cellular homeostasis by regulating energy production within the cell. AMPK is activated when the cellular AMP/adenosine triphosphate (ATP) balance drops, and this leads to activation of fatty acid oxidation in the liver, lipogenesis, stimulation of ketogenesis, and inhibition of cholesterol synthesis. The net result of modulation of these pathways is the inhibition of mTOR, which results in attenuation of protein synthesis until cellular ATP reserves are sufficiently replenished. The glitazone class of drugs is known to activate AMPK, 7, 8 leading us to hypothesize that AMPK activation may be of therapeutic value in treating mTOR-addicted lymphomas. In addition, AMPK activation has previously been shown to inhibit some tumor types. 8, 9 We chose primary effusion lymphoma (PEL) as the target for our investigation because PELs rely heavily on PI3K/Akt/mTOR signaling 10 and have a very poor prognosis, with reported median survival times of less than 6 months. 11 PEL is a variant of non-Hodgkin lymphoma (NHL) and is infected with Kaposi sarcoma associated-herpesvirus (KSHV). KSHV is associated with multiple cancers in the human population; Kaposi sarcoma (KS), PEL, and multicentric Castleman disease. The incidence of these cancers is highly increased in the context of HIV infection. We, and others, have previously shown that individual viral proteins, such as KSHV K1, activate the PI3K/Akt pathway in B cells and endothelial cells. [12] [13] [14] [15] [16] Another viral protein, KSHV vGPCR, can also activate this pathway in endothelial and epithelial cells. [17] [18] [19] [20] [21] KSHV-infected PELs display constitutive activation of the PI3K/ Akt/mTOR pathway. 10 No activating PI3K mutations have been reported in PEL, and only 2 PEL lines display PTEN mutations. 22 This suggests that in PEL constitutive activation of PI3K, Akt, and mTOR kinases is the result of the expression of viral proteins. We previously reported that treatment with rapamycin, an mTOR inhibitor, induces cell cycle arrest in PEL and may halt clinical progression. 10 Rapamycin inhibits mTORC1, but not mTORC2. However, recent literature suggests that there is increased mTORC2-mediated phosphorylation of Akt, which compensates for mTORC1 inhibition by rapamycin, in some cell types and tumors. 23 Hence, single-agent rapamycin therapy has had limited success in the clinic.
Here, we report the consequences of modulating Akt and AMPK kinases individually, as well as simultaneously inhibiting PI3K and mTOR kinases in PEL. All the compounds tested are either already Food and Drug Administration-approved or currently in clinical trials. We demonstrate that dual inhibition of PI3K and mTOR with a novel, orally bioavailable compound, NVP-BEZ235, is more efficacious than single compounds in preventing PEL proliferation and tumor growth in mice. We are the first to report that one mechanism of action for NVP-BEZ235 involves the inhibition of autocrine and paracrine cytokine and growth factors, which may explain the heightened sensitivity of cytokine driven cancers to inhibitors of the PI3K/Akt/mTOR pathway.
Methods

Cell culture
Patient-derived, PEL cell lines (BC-1, BCBL-1, BCLM, BCP-1, and VG-1) were cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 100 IU/mL penicillin G, 100 g/mL streptomycin (Mediatech), 0.075% sodium bicarbonate, and 0.05mM ␤-mercaptoethanol (Invitrogen) at 37°C in 5% CO 2 . BC-1 is EBV(ϩ)/KSHV(ϩ), whereas the other cell lines are KSHV(ϩ).
Inhibitors
Perifosine, miltefosine, and rosiglitazone were purchased from Cayman Chemical. Ciglitazone was purchased from Calbiochem. We are grateful to Novartis for providing us with NVP-BEZ235.
MTS cell proliferation assay
To observe alterations in growth and proliferation, 2 ϫ 10 5 PEL cells were treated with the therapeutic compounds at the indicated doses or with appropriate vehicle as a negative control. Cells were followed for 96 hours, and cell viability was determined by trypan blue exclusion performed in quadruplicate. Actively metabolic cells were quantified every 24 hours using the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay (Promega) according to the manufacturer's instructions. Absorbance was measured using FLUOstar OPTIMA (BMG Labtech). The absorbance measured at 485 or 490 nm indicates the number of metabolically active cells. The 50% inhibitory concentration (IC 50 ) of NVP-BEZ235 was calculated by plotting the percentage inhibition in proliferation in NVP-BEZ235-treated cells compared with vehicle-treated cells (y-axis) versus the log of the concentration of drug (x-axis). This was done using the statistical analysis program R. The dose of NVP-BEZ235 that reduced cell proliferation to 50% of vehicle-treated cells was calculated as the IC 50 for NVP-BEZ235.
Western blots
Cells were treated with various compounds as indicated. After washing harvested cells with ice-cold phosphate-buffered saline (PBS), cell lysates were prepared in a buffer containing 150mM NaCl, 50mM Tris-HCl (pH 8), 0.1% NP40, 50mM NaF, 30mM ␤-glycerophosphate, 1mM Na 3 VO 4 , and 1ϫ Complete Protease Inhibitor cocktail (Roche Diagnostics). Equal amounts of proteins were electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis denaturing gel, followed by transfer onto a Hybond-ECL nitrocellulose membrane (GE Healthcare). Membranes were blocked with 5% fat-free milk for 1 hour at room temperature, followed by overnight incubation at 4°C in the indicated primary antibodies directed against either phosphorylated or total protein.
The following primary antibodies against phosphorylated proteins were used: AMPK␣ (Thr172), Akt (Ser473), Akt (Thr308), FOXO1 (Ser256), GSK3␤ (Ser9), mTOR (Ser2448), S6K (Thr421/Ser424), and S6 ribosomal protein (Ser235/236). After washing, the membrane was incubated with anti-rabbit IgG conjugated to horseradish peroxidase. The results were visualized with the ECL Plus Western Blotting Detection System (GE Healthcare) according to the manufacturer's instructions.
Xenograft tumor model
PEL cells were washed in ice-cold phosphate buffered saline (Mediatech), counted, and diluted in 100 L of PBS mixed with 100 L of growth factor-depleted Matrigel (BD Biosciences). 10 A total of 1 ϫ 10 5 to 7.5 ϫ 10 5 BC-1 cells were injected subcutaneously into the right flank of NOD.CB17-Prkdc scid /J or CB17-Prkdc scid /J mice (The Jackson Laboratory, Taconic Farms). The mice were monitored on alternate days for development of palpable tumors (ϳ 2 mm 3 ), at which point drug or vehicle treatments were initiated, and were administered either intraperitoneally (perifosine) or by oral gavage (rosiglitazone, NVP-BEZ235) 5 days a week. Groups of 5 to 7 mice were used to generate PEL tumors and treated with either vehicle or drug cocktail. Each biologic experiment was repeated multiple times. For rosiglitazone, 0.25% methylcellulose was used as vehicle, and 30 mg/kg or 60 mg/kg rosiglitazone was suspended in methylcellulose. For perifosine and miltefosine, PBS was used as a vehicle and 50 mg/kg perifosine or miltefosine was dissolved in PBS. For NVP-BEZ235, the compound was dissolved in a 1:9 vol/vol mixture of 1-methyl-2-pyrrolidone (Fluka) and polyethylene glycol 300 (Sigma-Aldrich). A dose of 40 mg/kg NVP-BEZ235 or equal volume of the vehicle was administered. Tumor diameters were measured using digital calipers, and tumor volume was calculated as volume ϭ a ϫ b ϫ [MAX (a, b)]/2, with a and b being the long and short diameters of the tumor, respectively. The tumors were excised and fixed in formalin. Statistical analyses were performed using linear model fit by maximum likelihood with individual animals treated as random effect. 24 
Immunohistochemistry
Tumors were excised, fixed in 10% neutral buffered formalin for 5 days, were paraffin-embedded and then 5-m sections were prepared on slides. Slides were deparaffinized using Histochoice Clearing Agent (SigmaAldrich) and rehydrated using graded ethanol, followed by extensive washing with water. Endogenous peroxidase activity was quenched with 3% H 2 O 2 in 10% methanol solution, and antigens were exposed by heating sections for 10 minutes in 1mM ethylenediaminetetraacetic acid (pH 8.0), and cooled to room temperature. Nonspecific antigens were blocked using a blocking buffer (10% normal horse serum [Vector Labs], 5% bovine serum albumin [Sigma-Aldrich], and 0.3% Triton X-100]) for 1 hour at room temperature, followed by an overnight incubation at 4°C in blocking buffer containing the indicated antibodies: phospho-AMPK (Thr172, 1:50), phospho-p70 S6 kinase (Thr421/Ser424, 1:50), phospho-Akt (Ser473, 1:50), and phospho-S6 (Ser235/236, 1:100), all from Cell Signaling Technology. Sections incubated in blocking buffer lacking primary antibody were used as negative controls. The next day, sections were washed in PBS, incubated with biotinylated goat anti-rabbit secondary antibody followed by 1-hour incubation in preformed Avidin DH-biotinylated horseradish peroxidase H complexes (Vectastain ABC kit, Vector Labs), after which sections were stained with Vector NovaRed substrate and washed. Sections were counterstained with hematoxylin (Invitrogen), dehydrated using graded alcohols, and mounted using Cytoseal XYL (Richard-Allan Scientific). Dried slides were imaged using a Leica DM LA histology microscope with a 10ϫ/0.25 numeric aperture (NA) or 40ϫ/0.75 NA objective using a Leica DPC 480 camera and associated Leica Firecam software on a Macintosh computer equipped with OS X 10.4. Images were stored as .tif files and image layout was processed using Adobe Photoshop CS.
Caspase-3 assay
Levels of enzymatically active caspase-3 were quantified using the ApoAlert Caspase Fluorescent assay kit (Clontech), according to the manufacturer's directions. Briefly, 1 ϫ 10 6 BC-1 PEL cells were treated with 50M miltefosine, 50M perifosine, or 20nM NVP-BEZ235, as well as the respective vehicle controls. Cells were harvested and lysed 12 hours later. Equivalent micrograms of cell lysate for all samples were incubated with a fluorogenic caspase-3 substrate (DEVD-AFC). Cleavage of DEVD by caspase-3 releases AFC, the fluorescence of which was measured using a FLUOstar OPTIMA (BMG Labtech) fluorometer, with excitation and emission filter wavelengths set to 400 and 505 nm, respectively.
Cytokine measurements
We measured the levels of 30 different cytokines in the growth medium supernatants of BC-1 PEL cells using a bead-based multianalyte bead immunoassay (Invitrogen Cytokine human 30-plex panel) according to the manufacturer's guidelines. Briefly, diluted (1:2) culture supernatants were incubated with internally dyed polystyrene beads coated with specific antibodies directed against one of the cytokines. Proteins in the culture supernatants bind to the antibody-coated beads during a 2-hour incubation, after which the beads are washed extensively. Biotinylated detector antibodies directed against specific proteins are added to the beads, where they bind to proteins derived from culture supernatants. After washing, streptavidin-conjugated R-phycoerythrin was added to the bead-culture supernatant derived protein-detector antibody complexes. Unbound streptavidin-conjugated R-phycoerythrin was washed off, and the bead complexes were analyzed using the Luminex Detection system. Cytokine concentrations in culture supernatants were extrapolated based on a standard curve generated using manufacturer-supplied standards of each cytokine analyte.
Results
We used several compounds that are either Food and DrugAdministrationapproved or in clinical trials to target multiple arms of the PI3K/Akt/ mTOR pathway (Figure 1 ). The glitazone class of drugs, eg, ciglitazone and rosiglitazone, have been shown to activate AMPK. 7, 8 Activated AMPK1 directly phosphorylates and activates TSC2, 25, 26 leading to inactivation of Rheb and mTOR. We also used perifosine and miltefosine, 2 alkylphospholipids, which have been shown to inhibit Akt. 27 Perifosine is currently in clinical trials for solid tumors. 28 Lastly, we evaluated a novel, orally bioavailable, dual inhibitor of PI3K and mTOR (Figure 1) , NVP-BEZ235.
The glitazones inhibit PEL growth in vitro
Ciglitazone and rosiglitazone are antidiabetic compounds belonging to the thiazolidenedione class of drugs. Both activate AMPK via activation of peroxisome proliferator-activated receptor-␥ and adiponectin. 7, 29, 30 To determine the efficacy of ciglitazone and rosiglitazone against PEL, we treated PEL cell lines with either 100M ciglitazone or 150M and 200M rosiglitazone for 96 hours. 31 Cell viability was measured using the MTS assay. Four different PEL cell lines treated with ciglitazone or rosiglitazone showed decreased viability compared with vehicle (dimethyl sulfoxide [DMSO])-treated cells. Both 100M ciglitazone and 200M rosiglitazone displayed similar growth-inhibitory effects on BCLM and VG-1 (approximately 4-and 5-fold, respectively). The inhibitory effects of ciglitazone were greater on BCLM and VG-1 than on BCBL-1 and BCP-1 ( Figure 2 ). This reduced sensitivity to ciglitazone may be a consequence of p53 mutations in BCBL-1 and BCP-1, 32 which could prevent phosphorylated AMPK from exerting its full inhibitory effect. Indeed, a previous report showed that the stabilization and activation of AMPK induce p53-dependent apoptosis. 33 AMPK phosphorylation was increased on treatment of the PEL lines with either 100M ciglitazone or 200M rosiglitazone ( Figure 3A ), indicating that these compounds activated their target. As expected, there was a corresponding decrease in the phosphorylation of mTOR and its downstream targets, S6K, as well as S6 itself ( Figure 3A ).
Rosiglitazone delays PEL tumor growth in vivo
To investigate the effect of rosiglitazone on PEL growth in vivo, BC-1 cells were subcutaneously injected into NOD-SCID mice in the presence of growth factor-depleted Matrigel. 10 On development of palpable tumors, the animals were randomized into groups of 5 and treated 5 days a week for the duration of the experiment with either 0.25% methylcellulose (vehicle) or with 30 mg/kg or 60 mg/kg rosiglitazone suspended in methylcellulose via oral gavage similar to previous reports. 8 The animals were killed after 14 days, and tumors were harvested and measured. Both doses of rosiglitazone delayed tumor growth to some extent ( Figure 3B) ; however, the differences were not statistically significant. Immunohistochemistry showed that AMPK phosphorylation at Thr172 was increased in the rosiglitazone-treated mice compared with vehicle-treated mice ( Figure 3C ). S6K, a downstream effector of mTOR, was uniformly phosphorylated at Thr421/ Ser424 and detectable in tumors in mice treated with the vehicle (methylcellulose) but was virtually undetectable in tumors from mice treated with rosiglitazone ( Figure 3C ). This suggests that rosiglitazone delays tumor growth via activation of AMPK and inhibition of protein translation through mTOR.
Miltefosine and perifosine target Akt and inhibit proliferation of PEL in vitro
Miltefosine and perifosine are alkylphospholipids that inhibit activation of Akt. 27 We treated BCLM, VG-1, BC-1, and BCBL-1 10, 20, 30, 40 , and 50M miltefosine or perifosine over a 3-day period. 27, 34 Figure 4A shows a representative MTS experiment using the VG-1 cell line and both drugs. Perifosine was a more potent inhibitor of PEL growth compared with miltefosine at all concentrations. Perifosine treatment inhibited Akt and its downstream proapoptotic targets, FOXO1 and GSK-3␤, comparable with the levels of the PI3K inhibitor, LY294002. 13 The protein translation arm of the Akt pathway was also inhibited, as phosphorylation of mTOR (Ser2448), S6K (Thr421/Ser424), and the S6 ribosomal subunit (Ser235/236) was decreased ( Figure 4B ).
Miltefosine and perifosine delay PEL tumor progression in vivo
We subcutaneously injected NOD-SCID mice with BC-1 cells suspended in growth factor-depleted Matrigel. On formation of palpable tumors, mice were randomized into groups of 5 and injected intraperitoneally 5 days a week with 50 mg/kg of either miltefosine or perifosine dissolved in PBS, or equivalent volume of vehicle (PBS). Both miltefosine and perifosine inhibited the growth rate of tumors compared with vehicle-treated mice ( Figure  4C ). By day 14 after treatment, there was an approximately 50% decrease in average tumor volume in perifosine-and miltefosinetreated mice, compared with vehicle-treated mice (P Ͻ .04). Tumor growth was also significantly retarded (P Ͻ .04 for perifosine and P Յ .055 for miltefosine by linear mixed-effects model analysis). Immunohistochemical analyses ( Figure 4D ) displayed an overall reduction in staining for phosphorylated ribosomal S6 protein in tumor sections from miltefosine-and perifosine-treated mice compared with the PBS-treated mice. This reduced phosphorylation correlated with the delay in tumor progression in drugtreated animals. Sections that were not incubated with primary antibody showed no phosphorylated S6 staining ( Figure 4D ).
NVP-BEZ235 treatment inhibits proliferation of PEL cell lines in vitro
NVP-BEZ235 is an imidazo [4,5- c]quinoline derivative compound shown to inhibit PI3K and mTOR kinase activity both in vitro and in vivo. 35, 36 NVP-BEZ235 inhibits the activity of these 2 kinases by binding, reversibly and competitively, to the ATP-binding cleft, thereby preventing phosphorylation and activation of downstream targets. 10 We treated BCBL-1, BCP-1, BC-1, and VG-1 PEL cell lines with either 50 or 100nM NVP-BEZ235 and compared cell proliferation of drug-treated or mock-treated cells over a 36-hour time period using the MTS assay. Notably BCBL-1 cells show partial resistance to 50nM rapamycin, 10 yet the same cells remain sensitive to the dual inhibitor. Figure 5A shows representative cell proliferation profiles of the aforementioned PEL cell lines. The concentration of NVP-BEZ235 required for inhibiting PEL cell proliferation by 50% was 5.68 plus or minus 1.76nM ( Figure 5B ) for the BC-1 cell line. The low inhibitory concentration of NVP-BEZ235 confirms the usefulness of this compound as a treatment for PEL and suggests a favorable pharmacokinetic profile. We also performed an MTS assay using a combination of 30M perifosine and 50nM NVP-BEZ235 against PEL (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). As expected, because NVP-BEZ235 inhibits PI3K upstream of Akt, the combination of the Akt inhibitor perifosine and NVP-BEZ235 did not significantly affect BC-1 proliferation compared with NVP-BEZ235 alone.
To confirm the efficacy of NVP-BEZ235 against downstream targets of PI3K and mTOR, we tested the phosphorylation status of the downstream targets of these 2 kinases, using Western blot analysis ( Figure 5C ). Treatment with NVP-BEZ235 for 24 hours induced marked reduction in phosphorylated mTOR (Ser2448) and FOXO1 (Ser256), both targets of the kinase activity of PI3K/Akt. Reduced phosphorylation of S6K (Thr421/Ser424) and the ribosomal S6 protein (Ser235/236), both targets of mTOR, reflects inhibition of mTOR by NVP-BEZ235. Importantly, reduction in the phosphorylation of Akt at Ser473, a feedback phosphorylation substrate of mTORC2, indicates that NVP-BEZ235 also inhibits mTORC2 activity ( Figure 5C ). 10 Thus, dual inhibition of PI3K and mTOR likely contributes to decreased cell proliferation by NVP-BEZ235.
Dual inhibition of PI3K and mTOR in PEL tumor progression in vivo
We subcutaneously injected NOD-SCID mice with BC-1 PEL cells suspended in growth factor-depleted Matrigel as described in "Methods." On formation of palpable tumors, mice were randomized to receive either orally administered 40 mg/kg NVP-BEZ235 (n ϭ 7) or vehicle (n ϭ 6) 5 days a week. NVP-BEZ235 significantly inhibited the growth rate of tumors compared with vehicletreated mice ( Figure 6A ). After drug administration, NVP-BEZ235-treated mice displayed tumors with significantly smaller volumes compared with vehicle-treated mice (P Ͻ .001 by linear mixedeffects model analysis). Immunohistochemical analyses of tumors derived from NVP-BEZ235-treated mice displayed an overall reduction in staining for phosphorylated ribosomal S6 (Ser235/ 236) protein and phosphorylated Akt (Ser473), compared with tumors from vehicle-treated mice ( Figure 6B ). Reduced phosphorylation of the S6 ribosomal protein suggests a reduction in protein translation, leading to delayed tumor progression in NVP-BEZ235-treated mice. Reduced phosphorylation of Akt at Ser473 confirms the inhibition of mTOR, which can phosphorylate Akt at Ser473 via the rapamycin-insensitive mTORC2 complex ( Figure 6B ).
PI3K/Akt inhibition triggers apoptosis in PEL cells
Activation of the PI3K and Akt kinases is important for cell survival. Since the inhibition of PI3K/Akt is known to induce apoptosis, we analyzed the levels of active caspase-3 in PEL cell lines treated with the Akt inhibitors miltefosine or perifosine and the dual inhibitor NVP-BEZ235. BC-1 cells were treated with 50M miltefosine, 50M perifosine, 20nM NVP-BEZ235, or their respective vehicle controls for 24 hours. Cells were harvested and equivalent amount of cell lysates were measured for caspase-3 enzymatic activity as a marker of apoptosis. We found that NVP-BEZ235-treated BC-1 cells displayed substantially higher levels of activated caspase-3 compared with miltefosine-and perifosine-treated cells ( Figure 6C ). The enhanced ability of NVP-BEZ235 to induce caspase-3-mediated cell death may explain why NVP-BEZ235 shows higher activity against PEL in vitro and in vivo. We also performed Trypan blue staining to determine the number of live versus dead cells in PEL treated with 200M rosiglitazone, 50M perifosine, 50M miltefosine, or NVP-BEZ235 (10 and 100nM) at various time points. We found that, after a 24-hour drug treatment, NVP-BEZ235 and perifosine were more cytotoxic to PEL cells than rosiglitazone (supplemental Figure 2) . Rosiglitazone, perifosine, and NVP-BEZ235 change the cytokine profile of PEL PELs are highly sensitive to inhibition of autocrine growth factor signaling pathways. 37 The cytokines interleukin-6 (IL-6) and IL-10 are particularly important for PEL growth, 37 and our group has demonstrated that suppression of IL-6 and IL-10 translation by the mTOR inhibitor rapamycin inhibits PEL cell proliferation. We investigated the cytokine expression levels of the PEL cell line, BC-1, using a 30-plex Luminex bead array (Figure 7) . BC-1 PEL cells secrete high amounts of IL-6, IL-10, IP-10/CXCL10, hepatocyte growth factor (HGF), MIG/CXCL9, and vascular endothelial growth factor (VEGF). Treatment with the PI3K/mTOR dual inhibitor, NVP-BEZ235, profoundly decreased secretion of all these cytokines (P Ͻ .001 by post-hoc Tukey test), whereas miltefosine, perifosine, and rosiglitazone did not significantly alter the cytokine profile of PEL cells. After NVP-BEZ235 treatment for 72 hours, IL-6 and IL-10 levels were 80% lower than vehicle control-treated cells. Perifosine reduced IL-6 levels to 50% of control while minimally altering IL-10 secretion. Levels of VEGF, MIG/CXCL9, HGF, and IP-10/CXCL10 were decreased between 50% and 70% by the dual inhibitor NVP-BEZ235 compared with the control but were virtually unaffected by either perifosine or miltefosine. Interestingly, NVP-BEZ235 also reduced the transcript levels of some of the cytokines, such as VEGF (data not shown). Activation of PI3K has previously been shown to regulate VEGF transcription, 38 and hence dual inhibition of PI3K and mTOR likely affects both mRNA transcript and protein levels of some of these cytokines. Curiously, rosiglitazone dramatically reduced the levels of IP-10 and HGF, similar to that seen with NVP-BEZ235 treatment, without affecting the secretion levels of any other assayed cytokines. The difference in cytokine profile expression between NVP-BEZ235-treated cells and those treated with the other inhibitors separates the in vitro proliferation inhibition phenotype from the tumor growth inhibition seen in vivo. Although all the inhibitors could prevent proliferation in vitro, NVP-BEZ235 was most efficacious at inhibiting tumor growth in vivo, probably because of the inhibition of multiple autocrine and paracrine growth factors.
Discussion
We and others have previously shown that individual KSHV viral proteins, such as K1 and vGPCR, activate the PI3K/Akt/mTOR pathway in B cells and endothelial cells. [12] [13] [14] [15] [16] KSHV-infected PELs also display constitutive high-level activation of the PI3K/Akt/ mTOR pathway. 10 Our findings indicate that inhibiting this pathway is an effective modality for treating PEL.
We determined that the glitazone class of drugs, which are known to activate AMPK, have limited efficacy. Ciglitazone and rosiglitazone induced dose-dependent inhibition of PEL growth in vitro. This correlated with AMPK activation and mTOR inhibition. Although effective in culture, AMPK activation by rosiglitazone only marginally reduced tumor growth in a xenograft model of PEL.
Miltefosine and perifosine are direct inhibitors of Akt. Both induced dose-dependent inhibition of PEL in culture and also inhibited the downstream targets ofAkt, such as mTOR, leading to reduced phosphorylation and activation of S6K and S6. Importantly, they also inhibited Akt targets that are not part of the mTOR pathway, eg, FOXO1, and are therefore expected to have a greater therapeutic impact than mTORC1 inhibitors alone. In our PEL xenograft model, perifosine reduced tumor volume and growth to a statistically significant extent, compared with vehicle-treated mice. These 2 compounds therefore warrant further study for the treatment of PEL.
The dual PI3K/mTOR inhibitor NVP-BEZ235 35, 36 was more effective than compounds that targeted only a single member of the PI3K/Akt/mTOR pathway. Our results demonstrate that the PI3K/ mTOR dual inhibitor NVP-BEZ235 effectively inhibited the proliferation of PEL cell lines in vitro at a very low IC 50 of 5.68 plus or minus 1.76nM.
NVP-BEZ235 efficacy was comparable across all PEL cell lines tested, even those that showed partial resistance to rapamycin, 10 and was independent of p53 mutation status. BCBL-1, BC-1, BCP-1, and VG-1 showed comparable inhibition of proliferation, suggesting that dual inhibition of PI3K and mTOR negates any survival advantage conferred by p53 mutations present in PEL cell lines.
The selective activity of NVP-BEZ235 on PI3K and mTOR was demonstrated by reduced phosphorylation of their downstream targets. Reduced phosphorylation of FOXO1 and GSK3␤, the downstream targets of Akt, confirmed the inhibition of PI3K, whereas reduced phosphorylation of S6K and ribosomal S6 confirmed inhibition of mTOR. Importantly, there was an inhibition of phosphorylation of Akt at Ser473. This site is phosphorylated by the rapamycin-insensitive mTORC2, which is responsible for activating Akt in a feedback loop and has been implicated in rapamycin failure after prolonged treatment. 39 ,40 NVP-BEZ235 can prevent this feedback loop. NVP-BEZ235 significantly (P Ͻ .001) reduced tumor growth in our PEL xenograft model. Tumors excised from NVP-BEZ235-treated mice displayed reduced phosphorylation of both ribosomal S6 protein and Akt (Ser473), confirming in vivo inhibition of its targets. Importantly, this compound is orally bioavailable, making it an attractive therapeutic molecule. Furthermore, NVP-BEZ235 treatment induced higher levels of apoptosis in PEL cells, as measured by caspase-3 activity, compared with the other PI3K/Akt inhibitors.
PEL is characterized by elevated IL-6 and IL-10 cytokine secretion. 37 Our group has previously demonstrated that IL-10 may be used as a prognostic marker of PEL, and we have demonstrated that rapamycin treatment reduces IL-6 and IL-10 secretion in culture and in vivo. 10 Using Luminex bead-based technology, we investigated the secretion profile of many cytokines after treatment with each of the compounds described in this study, or with the appropriate vehicle control. Six cytokines (IL-6, IL-10, IP-10, HGF, MIG, and VEGF) were secreted to high levels in the growth medium of BC-1 cells consistent with earlier observations. 41, 42 NVP-BEZ235 dramatically reduced secretion of all these cytokines 72 hours after treatment. The other Akt/mTOR pathway inhibitors exhibited weaker, more differential phenotypes. Rosiglitazone significantly reduced secretion of IP-10 and HGF but only modestly decreased IL-10 secretion, whereas all other cytokine profiles remained unaltered. The Akt inhibitor perifosine reduced IL-6 secretion by 50%, and that of IL-10 by 20%.
Only NVP-BEZ235 inhibited VEGF. VEGF is an angiogenic growth factor that is involved in tumor proliferation. 43 HGF has been implicated in tumorigenesis of diffuse large B-cell lymphomas and has been shown to activate Akt through PI3K. 44 CXCL10/ IP-10 and CXCL9/MIG are chemokines that attract T lymphocytes and appear to antagonize angiogenesis. 45 However, these chemokines also play a role in B lymphocyte migration and dissemination. 46 In addition, unlike normal B lymphocytes, Hodgkin lymphoma and several different types of NHL, including chronic lymphocytic leukemia, small lymphocytic lymphoma, follicular lymphoma, marginal zone B-cell lymphoma, and mantle cell lymphoma, 47, 48 have been reported to express CXCL9/MIG and CXCL10/IP-10 and their cognate receptor CXCR3 as part of an autocrine loop. We surmise that these cytokines, chemokines, and growth factors play an important role in NHL in general and that our results may therefore be applicable to other NHLs beyond PEL.
In conclusion, the PI3K/Akt/mTOR axis is an important target in NHL because it regulates cell survival, protein translation, and, as we show here, cytokine production. Dual inhibition of the PI3K and mTOR kinases inhibits the translation and secretion of the essential paracrine and autocrine cytokines required for growth. This is in addition to cell-intrinsic mTOR targets, such as myc and cyclin D1. 49 Inhibition of these cytokines is required for inhibiting PEL tumor growth in vivo. Thus, this dual inhibitor may prove therapeutic for tumors that are critically dependent on autocrine and paracrine growth factors for their survival.
